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Summar

Metal foll fuses embedded in various materials are
widely used as opening switches in fasy dlscharge cir-
cults (~1 ps). Several technologies of ¢urrent inter-
est require opening swltches in eircuits which operate
on a much longer time soale {~100 ys). We have {nves-
tigated the behavior of aluminum and copper foil fuses
for oconduction times of 100-200 us. Rellable ourrent
interruption 1is obtained at the end of melting rather
than at the end of vaporization. The ratio of initial
to final resistance is > 100. In general, the perform-
ance of slow fuses can be predicted by simple scaling
from fast fuse behavior. For applications where the
switching function depends critlcally on the resis-
tivity versus input energy characteristic, the results
presented can be used in the selectlon of proper fuse
size and geometry.

Introduction

The use of metal folla and wires for circuit In-
terruption and switching 1s well known [1,2,3,4] for
conduction periods of a few microseconds or less. On
this timc scale, the behavlior of fuses is simlilar to
that of exploding wires, which have been extensively
investigated. Typlcally, as the fuse Is heated, It
passes from solid to liquld phase and finally to the
vapor phase where the resistivity becomes very high.
As the heatlng rate s increased, the fuse resistivity
Is observed to decreasc for a given energy lnput,
sometimes by as much as a factor of three [5].

Whon the conductlion time i3 increased by a factor
of 10-100, new physical effects enter the plature,
a.g., bulk motion of the foll under magnetic or sur-
face tonalon lorces. Thus, It 13 not unexpected that
tre details of fuac behavior will be difforent for
long conduction times. The princlple difference which
wo have ldontified {3 the onsel of high reslistivity at
the and of the meltlng phiase, well befcre tho fuse
materfal has beeh heated to the vaporization tempera-
Lurce,

Doapite Lho early onset of high resistivity, the
Lotal energy capaclty of tho fune baforue restrike ls
as1l]l comparable Lo the tutal vaporfzatlon energy. The
phyaleal bnhavior of the fuse immediastely after mell-
fng 18 nol yet understood. Sevoral axpoerimonts re-
ported  balow  offer Insight  Into  Lhe  mechanlsn
responsible for Lhe high roesfstlvity in the molben
phaie,

Exonerimental Arrangomont

All of the exporiments wore porformed using the
atreatt ahown in Fig., 1. In this ofrcult, tho fuse
elomanl. 1n normally sf{zed Lo conduel current fCrom Lhoe
Lime awilen G, g closed until poak current occurs at
190 un, Tmulthutwmum"'uwltdlih fa aoloned and Lhe
fune operaton Lo {ntorrupt. the ourrent in Lhe primary
alredtl and Lo diaalpate the energy atored in Lhe
ateray  tnduetanes, L, Th Lhia applicallon, Lthe Fuse
la oporated an a non Linear roalstor to damp oncllla-
Llon of the primary cfrcull,.  Typieal agporabing condf-
Lionn arer 1.0 KY charge, 11 KA peak cutvonl. and a
fune diantpation of 6 10 k.

A Cune olomentl, tnntalloed th {ta enclosure, 1A
ghown In Fig, . The onclosure 18 mado of G100 ribep
glann opoxy, The fune 1n ¢clampad al oach ond by a
brana bar which dofines Lhe active longlh of 1.4 om.
The Inteviar of Lhe opncloaure, 1h,.0 x 10.." X 5.1 l‘lﬂ‘,
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Flg. 1. Schematic of Fuse Test Circult

is normally rllled with "playbox" sand from the local
bullding material supplier, The lid has a 1,3-cm—
thiok plece of heavy rubber foam mounted on It to
apply pressure to the sand and malntaln uniform con-
tact between sand and fuse. The enclosure 1lid is well
secured because abnormal interruption (energy dalssipa-
tlon>>vaporization energy) can result in very high
internal pressures.

L on Aunven

Fig. 2. Photograph of Fusae {n Holder Duriag Assembly

Exporlmontal Roeoults

Fuge Rantstance

Figure 3 showsn typleal operatlng waveforma for a
110 kA disoharge, The fuse oloment. s 1100 uverlen
alumlinum with dimonstons 0,02 x .9 x 10,04 em?,  The
fuse olommtl dovelopn a voltage of 8.7 kV by Lhe Lime
mdlLeh 8, operatan,  The fuse curront docays In VH pn
(1/70) and exhibltn a perfod of reoverse conductfon b
fore recovaring Lo a high roststance alate with a re
vorae vollage of 900 V.,

The pronounaed difteronee boblweon alow e Fant
fune hohavior In canlly seon in Flg., 8 whore Lhe data
of FIg. 1 have boon converted Lo a plol of rosistivily
vorsun apectfle nellion, g, whors

Bo=f 1au n

and A Ia the aronn sectional area of Lhe fune, The
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Fig. 3. Typlecal Current and Voluage Waveforas

dotted curve in Fig. 4, taken from Reference 6, shows
the fast time behavior measured for aluminum wiros
exploded on a mierosecond time scale. Theo resistlvity
13 identical until the end of meltlng, whan tho reslis-
tivity of the aluminum foll rises abruptly to
~350 uft/om (125 x tho cold reslstlivity). Tho rfast
dlaoﬂar‘go reﬂulrea a substantially largar aotion (6.5
X 10" A°8/mm”) to roach about tho samo poak roslistivi-
ty. Notc that restrike doos not occur Ln our oxperi-
ment only booausc current flow onds before the fuse's
spooifio energy limlt 1s re:iched.
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Flg. 4. Reatativity va, AcLlon, Alumimen Fuaes In Sand

Flgare % oomparon  fdentioal funon syprounded by
alry sand, and a nolld of donajty 1,9 g/em’.  The fune
In ate doon nol reach high voslatanae and goon over Lo
A Jow prealstance pestirlke,  The fuse omboddad fn a
nolid In provanted, Lo aome oxtenl, from andergolng
moLionn whioh the sand parmitn.  The onnet of high
ronlntivity tn modifled by thin conatralnt bul (L {a
noL. delayod anttl vapor Lzat toa,

The renul L shown In Fig, 4 auggontn Lhat physiceal
wot Lan playn a role 1o Lhe early onnet. of rentativily.
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Fig. 5. Effact of Surrounding Material, Aluminum Fuse

The only foroe acting on the fuse which appears to be
strong enough to ocause meaningful wotion (a few times
the foill thickness) on a 10-us time scale {a the sclf-
magnetio foroe, For a flat foll, thls force acts in
the plane of the foll pushing tho oedges toward tho
genter. The force on the edge is very hlgh, decreas-
lng to zero at the aonter. If this plcture i3 valld,
then a coylindrical fusce olemont, which has a uniform,
radlal fcrce, should oxhiblt a fastor, oleanor inter-
ruption. Figure 6 oomparos the voltage versus time
behavior for two identionl fuse olemonts, ono flat,
the othor formad Into a aoylindecir with sand Lnside and
outaldo, Tho onsot of reslatance is sharper for the
cylindrlioal foll nad the poak voltage Ls 30% highor,
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Fig, 0, Bffecl of Ffune Goomeolry on Swllehing

Flgure 7 in anolber compartsaon of difforent Cofl
Roomoterion, In Lhin vane, oo foll fa Fiat and Lhe
obher han boon folded tn half Tonglhwiae thtoo t {mon
Lo form a "wiee®,  Both Lhe "wiee® and Lhe fall ox
hibit st Var rastatance vorsun Limo,  ntorpapt ton by
Whn "wiro” fune at the melling polntl {8 not anexpect od
booauae Lhe purtacn magnel fo flold (a about 14 T and
the Tiquld column 1 nubject Lo pinoh tnatabilbitlon on
a0 pn Lime soaloe,

A MmlLed tavestligat fon wan onrerfed oul. of olthor
partagotors which aould attaecl funo portormance, Fig
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Fig. 7. Effect of Fuse Geometry on Switching
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Fig. 8. Effccl of Foll Thickness on Switohing

ure 8 comparan Lwo fuses of oqual croas-sactlional araa
bul diffarent. thleknean, The thinner foll has a fast-
of voltlage itneroitno, 700 VZun, ocompared Lo 400 V/un
forr Lhe Lhleker foll but the poak rasistivity (s nol
affectod,

Flgure 9 1a a plot of renistivily versus action
for coppor.  Agaln, high roalativity In meagurad §mme:
diately after melling.

Figure 10 compares flat. aluminum and coppor folls
whoae Lhicoknedanan are chonen Lo glve [ntorvupllon at
Lhe mame Lime o Lhe gurcoent vavef'orm, The  ooppor
fune han a ahtepor eclae and higher peak roesialance,
Home of  Lhian difference may be due Lo Lhe thicknenn
of Coel dliacuasal previoualy.

Enorgy Dianlpation

An tmportant, paramotor in the deatgn of tusen Cor
clredtt tntoreuption {4 Lhe oneprgy whiloh Lhe fyne munt
dianipate during the ipterruapltion  procoss, 10 the
total enorgy ta groalor Lhan Lhe fure'n aapablil iy,
roat ik will ocowr,  For appllaatlons pe uirtng volt-
age hold-off efror Intorraption, conterike mant, bo a
valdod, The oporgy hand) tng eapabtl ity of  aluminim
fotl funea wan (nvealigalod by varying Lhe fune widih
al  constant ouprpont Narrow  funen (ntereupt. Loforo
MWl el By eloson and Lhe Cune fa Coroed Lo diaslpate
Ao ot Lhe  enerrgy ataved tn Lhe load tnduotor Ly,
Figure (1 shown Lhie roajativily versin gpocttCio onergy
for four funeo widtha,  On aach oderve, Lhe polnl. wheproe
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reaistance as the ourrent deocays. At 25 mm, the fuse
exhibits a wide region of nearly oonstant reaistanoce
but finally recovers to high resiastance as the current
decays. The 23-mm fuse, in contrast, goes into a low
resistance restrike mode. The limiting speoific energy
for this partiocular fuse geometry is 13-15 kJd/g. The
dashed curve, taken from Reference 6, shows the behav-
ior measured for fast discharges. In this oase, the
apeaific energy before restrike i{s 10 kJ/g, comparable
to our value for a slow fuse,

This result suggests that, whatever the differenoce
between slow and fast fuse Lehavior at early time, the
end point {8 sti{ll associated with complete vaporiza-
tion of the fuse material.

Reoovery Voltage

Due to limitations of time and equipment, no ex-
periments were oarried out to directly address recov-
ery voltage. In the course of our measurements, f{t
was observed that recovery voltage decreases with time
after interruption, For 100-200 us after current
zero, an electrio field of 100-120 V/cm can be sus-
tained without conduction. After 500 pys, the max{mum
fleld is generally 75-8C V/cm, a value which 1s sus-
tained for the duration of our measurement (2000 us).

Switching Time

The switching time for a fuse is a function urir-
cipally of the peak fuse reslstlivity and th2 speciflc
enargy oapaolity of the fuse materlal. For inductive
awitching, Lt can be shown that the switcohing time i3
a fixed fraction of the conduction time given by

t 2E, §
s 3
- (1)

t., g8

where Es = maximum specific energy (J/g)
& = donsity (g/uma)
= paak rosistivity (g-cm)
R = actlon at max. reslst. (A”n/cm")

t, = sWwitchling time

8
L
0.2 a2
to = [1ede /1,
o

For o alnua-
{8 one half of the quartar cyclo

wherae t o ls the Lime switohing ocevrs,
oldal waveform, t

Lima.
Unlng Lho valuas appropriato for fant funes, Equa-
Lion t given L/t = 0.70, Thin aqomparon woll with
Whon thoe appro-

¢

moasured valuas of 0,75-0.32 [3,4].
prlata valuas for slow fuson aroa unad in Equation t,
tha result ia L“/Ln « 0,10, nomowhal amaller than for
funt. funen, Our measured gwitchling times are 0,00
0.7, In roanaonabla agreomenty wilh this salmple neal-
ing relation,

Forr Cant awltohlng, Lhe spoecifio onorgy should be
Limited Lo 56 kd/g.  Thia rasulls In Lhe highoest pro
alntanco an soen In Flg. V1. Thin (o o algniricant
diftforonee from fast Cunena whore Casl swilcehing ro-

Quiren a apeciflo onorgy of 910 kd/g,

Conoluston

Foll fuses surrounded by sand are useful as open-
ing awitohes on & 100-us time scale. Some of the pa-
rameters characterizing slow fuses are similar to rast
fuses, e.g. peak reslistivity, maximum energy capabil-
ity and the ratio of switching time to conduction
time. The principal difference is the action value for
peak realstance which s about one-half as large for
slow fuses.
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